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Abstract
Purpose The state of North Dakota has one of the highest incidence rates for colorectal cancer in the USA. Its high incidence rate,
coupled with a large variation in incidence rates among counties within the state, makes North Dakota a “natural laboratory” in
which to investigate environmental clues to colorectal cancer. We conducted a hypothesis-generating study to explore potential
determinants of colorectal cancer in North Dakota.
Methods We obtained county-specific incidence rates for North Dakota’s 53 counties from the statewide cancer registry and
corresponding data on county demographic, agricultural, and geophysical features from population-based sources. Candidate
demographic/agricultural variables included median household income, population density, colorectal cancer screening rates,
average farm size (in acres), and the percent of county fertilized. Geophysical variables included the uranium content of soil,
residential radon levels, and source of drinking water (municipal or well water). Statistical analyses were performed via multi-
variate regression and structural equation modeling.
Results Colorectal cancer incidence rates across North Dakota counties varied 3-fold. The structural equation model identified a
significant role for well water use (p < 0.05). This finding is consistent with studies that implicate well water in colorectal cancer.
Conclusions Well water contains several agents, e.g., bacteria, disinfection by-products, and nitrates that are potent colorectal
carcinogens. Studies of well water use and colorectal cancer risk at the individual level in North Dakota are warranted.
Keywords Colorectal cancer . Epidemiology . Structural equations . North Dakota
Introduction
Colorectal cancer (CRC) is the third most commonly diag-
nosed cancer in the world, with 1.8 million new cases diag-
nosed annually [1]. The etiology of CRC is incompletely un-
derstood. A history of chronic inflammatory bowel disease
and of type 2 diabetes are known medical risk factors [2].
Behavioral risk factors for CRC include physical inactivity,
obesity, and excessive alcohol consumption. However, many
individuals with CRC have no known risk factors. Thus, it is
likely that environmental risks for CRC exist that have not
been identified [3].
Insights into environmental causes of cancer often come
from geographic studies. For example, high rates of meso-
thelioma on the Eastern seaboard of the USA led to dis-
covery of the association of mesothelioma with shipbuild-
ing and to the identification of asbestos (used in ships’
insulation) as the cause [4]. With respect to CRC, there is
an unusually high incidence of CRC in the US state of
North Dakota (ND). For reasons that are unknown, ND
has the second highest CRC rate among white males in
the USA and the third highest incidence rate among white
females [5] (Fig. 1). We conducted a hypothesis-generating
study at the county level in ND in order to explore candi-
date demographic and geographic determinants of its high
CRC incidence rates. We report that county-wide incidence
rates for CRC in ND are significantly associated with the
use of non-municipal (“well”) water.
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Methods
Data and sources
County-specific incidence rates were obtained from the North
Dakota Statewide Cancer Registry (NDSCR) for the time peri-
od 1997–2014 (i.e., from the inception of the registry to the
most current data available). The NDSCR is certified by the
American Association of Central Cancer Registries from which
it has received awards for data quality and completeness
(https://ndcancer.org/aboutmain.html). All rates were age-
adjusted to the 2000 Census. Because of the small numbers of
non-whites, especially in sparsely-populated counties, the anal-
yses were restricted to white, non-Hispanics. In order to prevent
disclosure of potentially identifying information, the NDSCR
suppresses rates for counties with fewer than 10 cases.
We examined candidate environmental and socioeconomic
factors for which there was support in the literature for a role in
CRC. Demographic variables were median household income,
poverty rate, and population density. Geographic factors includ-
ed the average farm size (in acres); the percent of county fertil-
ized; the average amount of nitrate fertilizer used per farm [6];
and the size of the cattle population per capita [7]. Data on the
prevalence of CRC screening practices (whether individuals
have had a fecal occult blood test in the past 2 years or ever
had a colorectal endoscopy) were obtained from national sur-
veys [8]. Geophysical variables were the uranium content of the
soil, average indoor radon levels, and the source of drinking
water (municipal or self-supplied domestic “well water”).
Data on household income, poverty rates and population
density were obtained from the US Census [9]. Data on the
percentage of each county that uses self-supplied water in
2005 (non-municipal water from private wells or cisterns,
henceforth “well water”) were obtained from the US
Geological Survey [10]. These data were compiled from mul-
tiple sources, including government records for well permits,
state agencies that regulate utility rates, and bills from waste-
water treatment facilities and tax appraisers’ offices [11]. Data
on the uranium contest of soil was from the US Department of
Energy [12] and data on indoor radon levels were from the ND
State Radon Survey, as described previously [13].
Statistical analysis
CRC rates and demographic variables were mapped and ana-
lyzed by county using GIS software (ESRI ArcMap 10.6). We
used multivariate linear regression to identify potential rela-
tionships between the independent variables with age-
adjusted CRC incidence rates. Structural equation models
were then developed using Proc Calis in SAS v 9.4. Briefly,
structural equation modeling is a multivariate statistical anal-
ysis technique that combines factor analysis with multiple
regression analysis. Structural equation models can describe
the interdependence of a set of variables with the goal of
providing a quantitative test of different theoretical models
[14]. Aggregate state data for all counties with available data
were used to estimate covariances (i.e., relationships) between
the independent variables and paths (i.e., prediction
Rate per 100,000 Males
36.1 - 42.7 42.8 - 47.0
47.1 - 52.2 52.3 - 59.6
ND
Fig. 1 Colorectal cancer
incidence rates (2009–2013)
among white, non-Hispanic
males by US state. Data from the
American Cancer Society [5]
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estimations) from the independent variables to the dependent
variable. The full model was then reduced by removing co-
variances and paths that were not significant.
Results
Incidence data were available for 52 of North Dakota’s 53
counties (98%). Data were suppressed for 1 county
(Billings) due to small numbers of cases (Fig. 2). Several
variables were not normally distributed (nitrate levels, farm
size, population density, cattle per capita) and logarithmic or
square root transformations were used to normalize these for
analyses.
CRC incidence rates varied almost threefold across ND
counties, from 29.2 in Renville County to 86.4 per
100,000/year in Oliver County. All of the correlations of
the variables with CRC rate were non-significant
(p > 0.05). When entered into a multiple linear regression,
only population density (p = 0.081) and well water (p =
0.067) significantly predicted CRC rate with p values <
0.10, (using “forward selection” only in the regression
model) (Table 1). As none of the variables had a direct
relationship with CRC, a path analysis with structural
equations was performed in order to determine indirect
relationships and correlations.
Population was best modeled as a latent variable or fac-
tor represented by income, population density, percent
screened, and cattle per person. Farming was also modeled
as a latent variable representing cattle per person, nitrate,
fertilization, and farmland acres. Farming was correlated
with uranium which was also correlated with radon.
Farming also was correlated with population size. This in
turn was related to well water, which was the only factor
found to be directly related to CRC. All causal paths and
Fig. 2 Colorectal cancer incidence rates (1994–2014), for North Dakota white non-Hispanic males, by county. Data are from theNorth Dakota Statewide
Cancer Registry. The incidence rate was suppressed for Billings County due to the small number of cases
Table 1 Multiple linear regression predicting CRC rate with adjusted
variables
Variable B St. Err T p
Intercept 49.56 85.61 0.58 0.566
Nitrate used − 3.63 7.86 − 0.46 0.646
% fertilized 0.17 0.17 0.99 0.326
Average farm acres 0.55 18.52 0.03 0.976
Cattle per person 3.36 2.12 1.59 0.121
Median income 0.25 0.41 0.60 0.550
Population density 10.15 6.24 1.79 0.081
Mean radon 0.62 0.77 0.80 0.429
Uranium in soil − 2.76 8.10 − 0.34 0.735
Well water 0.68 0.44 1.54 0.131
% screened − 0.21 0.24 − 0.86 0.396
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covariances included in the structural equation model were
significant at p < 0.05 (Fig. 3).
Discussion
ND is the fourth least populous state in the USA and has one of
the highest CRC incidence rates of any state. Its rate of 54.4 per
100,000 in males (during 2017–2019) is comparable with some
of the highest rates recorded in Europe [15]. Moreover, ND
shows an almost three-fold variation in incidence rates among
its > 50 counties. Its high incidence rate, plus the large variation
in rates within the state, makes it a “natural laboratory” in which
to investigate environmental clues to CRC. Our structural equa-
tion model identified well water use as a significant predictor of
CRC incidence rates. This finding is consistent with numerous
investigations in CRC that have implicated well water in CRC
risk in the USA and in other parts of the world [16, 17].
ND is a rural state and has a lower prevalence of screening
for CRC than the US overall (68% vs. 73%, in 2010) [18]. We
considered that the higher incidence rates in some counties
might result from low utilization of screening practices. Less
rural counties (i.e., those with higher population density) were
associated with higher screening rates. However, our analyses
did not show a direct association between lower utilization of
screening and higher CRC incidence rates.
Residential radon levels are especially high in ND [13]. Our
structural equation model confirmed that radon levels in homes
were significantly associated with uranium measurements in
soil. However, neither factor was directly related to CRC rates.
Although radon in groundwater has been associated with lung
and with stomach cancer, to our knowledge, there is little evi-
dence for an association between radon and CRC [19].
Because our study examined several geographic/
demographic variables, it is possible that the association with
well water could have arisen by chance. However, statistical
concerns about multiple comparisons pertain to hypothesis-
testing investigations, not to investigations, such as the present
one, whose function is hypothesis-generating. Well water was
included as a candidate variable because of its frequent asso-
ciation with CRC in the literature and because common con-
taminants of well water are known CRC carcinogens.
Our exploratory study has several limitations. First,
county-wide data on known risk factors such as diabetes,
physical inactivity, and alcohol consumption were not avail-
able. Thus, we were unable to control for these variables.
Secondly, incidence rates were adjusted for age, but due to
small case numbers in many counties, were not adjusted for
gender. CRC incidence rates in the USA are approximately
30% higher in males; thus, incidence rates could be biased
upwards if a county’s population is disproportionately male.
ND is predominantly an agricultural state, although it recently
has become a major oil producing one. The influx of workers
to the ND oil fields, which peaked in 2008, could have influ-
enced incidence rates in some Western counties [20].
However, because the migrants were predominantly young
Fig. 3 Structural equation model
of risk factors for CRC incidence
among counties in ND. Measured
variables are shown in rectangles,
“latent variables” (i.e., variables
that best represent a cluster of
measured variables) are shown in
oval outline. Uni-directional ar-
rows indicate potential causal
pathways; bi-directional arrows
indicate a co-varying relationship
that is unlikely to be causal. Mn =
mean
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males, and the mean age at diagnosis for colon cancer in men
is 68, this influx is unlikely to have greatly influenced our
results. Most importantly, this is an ecologic study in which
the units of analysis are individual counties. Thus, it demon-
strates that counties with high use of well water are counties
with increased risk of CRC and cannot make claims about
individuals within those counties.
Conversely, our study has several strengths: the CRC data
are population-based, and there was little selection bias, as
data were available for 52 of ND’s 53 counties. The exposure
data of greatest interest, well water, is one that likely was
determined with high accuracy, as well water use is document-
ed by multiple records and methods (e.g., water permits, tax
records, aerial photography) [10, 11]. Our central finding is
consistent with numerous studies that implicate well water in
the etiology of CRC [16].
Numerous contaminants of well water have been implicat-
ed in colorectal carcinogenesis, including water-borne
bacteria, disinfection by-products, and nitrates. Bacteria are
believed to influence CRC carcinogenesis via dysbiosis (mi-
crobial imbalance) and aberrant gene expression [21].
Treatment of water with chlorinated compounds produces dis-
infection by-products which themselves are known CRC car-
cinogens [22]. Nitrate is a common pollutant of drinking water
in agricultural regions that derives largely from animal manure
and the use of nitrogen-containing fertilizers [23]. Nitrates are
converted endogenously to nitrite and the subsequent
nitrosation reactions produce highly carcinogenic, N-nitroso
compounds [24].
In a large population-based study in Denmark, Schullehner
et al. reported a significantly increased risk of CRC among indi-
viduals exposed to nitrates in drinking water as low as 3.87 mg/
L. This finding is noteworthy because 3.87 mg/L is an order of
magnitude lower than the Danish drinking water standard for
nitrates, 50 mg/L. [25] The nitrate standard for public drinking
water in the USA is 10 mg/L (https://www.wqa.org/Portals/0/
Technical/Technical%20Fact%20Sheets/2014_NitrateNitrite.
pdf). This standard does not apply to private wells, which
commonly exceed it. For example, examination of 218 samples
of water from private and municipal wells in ND found nitrate
levels > 10 mg/L in 22 samples (22/218 = ~ 10%) [26].
In summary, our structural equation modeling of demo-
graphic variables in ND, a state with high and variable inci-
dence rates for CRC, identified well water use as a significant
predictor of CRC incidence rates at the county level. This
finding is biologically plausible as well water is known to
contain potent CRC carcinogens. Studies of well water use
and CRC risk in ND at the individual level are warranted.
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